C 4 photosynthesis is a fascinating example of parallel evolution of a complex trait involving multiple genetic, biochemical and anatomical changes. It is seen as an adaptation to deleteriously high levels of photorespiration. The current scenario for C 4 evolution inferred from grasses is that it originated subsequent to the Oligocene decline in CO 2 levels, is promoted in open habitats, acts as a pre-adaptation to drought resistance, and, once gained, is not subsequently lost. We test the generality of these hypotheses using a dated phylogeny of Amaranthaceae s.l. (including Chenopodiaceae), which includes the largest number of C 4 lineages in eudicots. The oldest chenopod C 4 lineage dates back to the Eocene/ Oligocene boundary, representing one of the first origins of C 4 in plants, but still corresponding with the Oligocene decline of atmospheric CO 2 . In contrast to grasses, the rate of transitions from C 3 to C 4 is highest in ancestrally drought resistant (salt-tolerant and succulent) lineages, implying that adaptation to dry or saline habitats promoted the evolution of C 4 ; and possible reversions from C 4 to C 3 are apparent. We conclude that the paradigm established in grasses must be regarded as just one aspect of a more complex system of C 4 evolution in plants in general.
INTRODUCTION
The evolutionary importance of changing environmental conditions is exemplified in the evolution of photosynthetic pathways in plants. Most plants sequester carbon using a process-C 3 photosynthesis-that originated when the concentration of atmospheric CO 2 was considerably higher than it is today. The major photosynthesis enzyme, ribulose 1,5-bisphosphate carboxylase/oxygenase (RuBisCO), can act with either CO 2 or O 2 as substrate (depending on their relative concentrations). C 3 plants compensate for the oxygenase activity of RuBisCO by employing an auxiliary metabolic process, photorespiratory carbon oxidation (C 2 cycle or photorespiration), at the cost of re-releasing CO 2 . Photorespiration increases under warmer, drier and CO 2 -depleted conditions [1] . Consequently, when atmospheric CO 2 decreased dramatically at around 30 Ma [2, 3] , the cost of photorespiration is likely to have increased. It was subsequent to this environmental change that the C 4 photosynthetic pathway, a carbon concentrating mechanism, is inferred to have originated [4] , more than 60 times independently in angiosperms [5] . Rather than a single adaptation, C 4 photosynthesis represents a syndrome of complex genetic, biochemical and anatomical modifications [6, 7] . Low atmospheric CO 2 (less than ca 500 ppm) is currently seen as an environmental precondition for its evolution.
Identifying the selective pressures that led to the evolution of C 4 is however more complicated than this apparently straightforward scenario might suggest. Increasing evidence [4] that most C 4 lineages emerged much more recently than 30 Ma and the long-standing observation that C 4 lineages are concentrated in hot and dry climates suggests that further environmental changes were needed to trigger the evolution of the C 4 , over and above CO 2 -depleted conditions [8] [9] [10] . Heat, aridity and salinity have classically been viewed as promoting C 4 [11] , but in fact, all environmental conditions that increase the level of photorespiration might have driven its evolution [7] . Furthermore, the transition from C 3 to C 4 involved several phases of major anatomical, genetic and biochemical changes [12] , which might take millions of years to accumulate [4] . Each of the C 3 /C 4 intermediate stages must represent a physiologically stable evolutionary step [1, 13, 14] . During these different evolutionary phases, various environmental factors might have influenced the further evolution in direction of full C 4 syndrome, particularly given the diverse genetic background of the distantly related plant lineages involved.
The challenge of inferring the conditions that led to the evolution of C 4 photosynthesis is exemplified by the profound differences between the two plant lineages representing the oldest and greatest numbers of C 4 lineages: Amaranthaceae s.l. (including Chenopodiaceae) and Poaceae [4, 5, 15] , which show a range of both convergent and unique modes of C 4 evolution. From this, we might hypothesize that ancestral traits and selective pressures, which together facilitated the frequent evolution of C 4 , may be equally diverse.
With ca 750 C 4 species in ca 15 independent C 4 lineages Amaranthaceae s.l. comprise the largest number of C 4 species and C 4 lineages among eudicot families [5, [16] [17] [18] [19] [20] . The evolution of C 4 leaves from various flat and succulent C 3 leaf anatomies led to an unmatched variety of C 4 leaf anatomies, especially in Chenopodiaceae s.s., including the striking single-cell C 4 anatomies of Bienertia and Suaeda aralocaspica [16, 20, 21] . C 4 is found in various life forms, such as annuals, subshrubs, long-lived shrubs and small trees and the majority of species grow in open, warm, often arid and/or saline habitats [16] .
Around 4600 species of grasses [5] , representing at least 22 independent lineages [15] , photosynthesize using the C 4 pathway. Of C 4 plants, grasses have received the most attention by researchers because they dominate the highly productive C 4 grasslands, constitute important crops such as maize and sugarcane, and because there is a great interest in engineering C 4 into C 3 crops such as rice and wheat. In Poaceae, C 4 species show classical Kranz anatomy with slight variation [21] , are mostly herbaceous and never succulent. The C 4 lineages of grasses are presumably of tropical ancestry [22, 23] with their closest C 3 relatives occurring in the shaded understory of tropical forest environments [22] . Using phylogenetic comparative analyses, Osborne and Freckleton [24] found that the transition from C 3 to C 4 in grasses was significantly faster in clades confined to open habitats than in those growing in the shade. Unexpectedly, they also found that clades confined to mesic habitats showed equal likelihood of evolving C 4 to that of clades in water-logged, arid or saline habitats. In other words, this supported a longstanding view that growing in an open habitat with high irradiance is a precondition for the evolution of C 4 [11] but no statistical evidence was found for an overall dependence of C 4 evolution on aridity or salinity. Nevertheless, shifts to arid habitats occurred at higher rates in C 4 than in C 3 lineages. Therefore, the evolution of C 4 was interpreted as a pre-adaptation that facilitated the colonization of arid and saline environments [24] .
However, results from grasses may not be readily transferable to other plant lineages. Even within related lineages, a detailed knowledge of the phylogeny is crucial for the unbiased interpretation of comparative physiological or ecological studies [25] . Thus, it remains an open question whether this sequence of evolution-first C 4 , and then drought resistance-applies to the phylogenetically diverse other plant groups that evolved C 4 .
Here, we use a dated phylogeny of Amaranthaceae s.l. based on 169 species; two cp markers (the rbcL gene and atpB-rbcL spacer) and ancestral state reconstruction techniques to address the following questions. Did C 4 lineages evolve subsequent to the dramatic decrease in CO 2 levels ca 30 Ma? Is the rate of C 4 evolution higher in ancestrally salt or drought tolerant lineages or did C 4 instead evolve prior (as a pre-adaptation to) salt and drought tolerance? Might factors, such as habitat preference or life-history strategy be important in the evolution of C 4 ?
MATERIAL AND METHODS
(a) Taxon sampling and molecular markers The data matrix comprised 169 species (20 Amaranthaceae s.s. representing the major clades of the family [19] , 147 Chenopodiaceae s.s. and two Achatocarpaceae as outgroups) and 2284 nucleotides (1343 rbcL gene and 941 atpB-rbcL spacer). Thirty-four species in the rbcL matrix and 16 species in the atpB-rbcL spacer matrix are coded as missing data (electronic supplementary material, appendix S1). Species sampling for this analysis was designed to include all major branches of all tribes of Chenopodiaceae s.s., representing the known phylogenetic diversity of C 3 and C 4 lineages (electronic supplementary material, table S3). Voucher information and GenBank accession numbers are given in the electronic supplementary material, table S4. Thirteen sequences of the rbcL gene and 33 of the atpB-rbcL spacer were newly generated for this study according to the protocols outlined in Kadereit et al. [16, 26] .
(b) Phylogenetic analysis and relaxed-clock molecular dating Phylogenetic trees and node ages were generated using Bayesian evolutionary analysis by sampling trees (BEAST v. 1.5.4; [27, 28] ). The BEAST xml input files (available from the corresponding author upon request) were created with BEAUti v. 1.5.4 [27] . Two representatives of Achatocarpaceae were chosen as outgroups [16] . Monophyly of the ingroup (Amaranthaceae s.l.) was constrained in order to root the tree. The substitution model parameters were set to GTR þ G based on JMODELTEST [29] with four categories for G. A relaxed-clock model was implemented in which rates for each branch are drawn independently from a lognormal distribution [30] , and a birth and death demographic model was assumed.
We used two macrofossils to constrain the ages of the stem nodes of clades with which they share one or more synapomorphies: Salicornites messalongoi (stem fragment, 35.4-23.3 Myr ago; [31] ) associated with the crown of Salicornioideae [26] and Parvangula randeckensis (seeds, 23.3-16 Myr ago [32] ) associated with the stem of Chenopodieae I [16] . The corresponding prior age constraints used in the analyses were 23.3 and 16 Ma for crown of Salicornioideae and stem of Chenopodieae I, respectively, assuming in each case an exponential distribution with offset equal to the minimum bounds (i.e. allowing the posterior distribution to be older, but not younger than the constraint, as influenced by other parameters of the model).
The Markov chain Monte Carlo (MCMC) was initiated on a random starting tree. Two independent runs of 20 000 000 iterations were performed with a sampling frequency of 1000. Topological convergence was confirmed using AWTY [33] , and convergence of model parameters was confirmed using TRACER [28] . Burn-in values were determined empirically from the likelihood values and posterior probability (PP) clade support was calculated together with the medians and 95% confidence limits for ages of the nodes. The post-burn-in tree sample was also sub-sampled to obtain ca 1000 trees equally spaced throughout the two runs for use in character optimisations (see later text). In addition, clade support was estimated under parsimony and maximum likelihood using bootstrapping in PAUP* v. 4.10b [34] and RAXML [35] , respectively.
(c) Ecological data scoring For each species sampled, we compiled the type of photosynthesis (C 3 or C 4 ), habitat data (tolerance of saline conditions and occurrence in coastal or inland habitats), life form and succulence, from published @ 13 C isotope data, flora treatments, revisions and other publications (see the electronic supplementary material, table S4). The data matrix comprised the following traits and character states:
(d) Ancestral character state reconstruction To assess the ancestral states of the four traits, we used Fitch parsimony (FP) implemented in MESQUITE v. 2.74 [36] and a hierarchical Bayesian method as implemented in BAYESTRAITS [37] , using the tree sample thinned from the BEAST analysis. Outgroups and Amaranthaceae s.s. (including Polycnemoideae) were pruned, leaving Chenopodiaceae s.s. as the ingroup. Amaranthaceae s.s. includes both C 3 and C 4 species, but insufficient data are available to infer a phylogeny that is comparably well sampled and resolved as that for Chenopodiaceae. In our analyses, Amaranthaceae s.s. (including Polycnemoideae) is sister to Chenopodiaceae s.s. (PP: 0.99). We assume that excluding it from analyses will have no impact on our results, other than to remove a likely source of sampling bias.
For BAYESTRAITS analyses, reversible-jump Markov chain Monte Carlo (RJ-MCMC) was used to sample between models with different numbers of parameters. The prior for models was uniform and that for the rate coefficient was exponentially distributed, with the variance drawn from a uniform hyperprior. Runs were of 100 million generations, sampling every 10 000, with a burn-in of one million (electronic supplementary material, table S2). Ninety-five per cent PP distributions of rates and PP per state per node of ancestral state reconstructions were summarized from the resulting output using TRACER v. 1.5 [28] .
(e) Model testing To test for correlated and/or directional evolution we used the discrete mode of BAYESTRAITS with the same approach as for ancestral state reconstruction. Pairs of characters (C 3 versus C 4 with each other character in turn) were tested for correlated evolution under discrete dependent and independent modes under RJ-MCMC. In addition, reversible versus irreversible models of C 4 evolution were tested using standard MCMC with a single rate parameter (one non-zero rate C 3 ) C 4 versus identical rates C 3 , C 4 ). RJ-MCMC was performed as mentioned earlier, and both RJ-MCMC and standard MCMC were performed with two independent runs each of 1.5 Â 10 9 generations with burn-in of 1 Â 10 9 generations, sampling every 1.5 Â 10 5 , in order to ensure consistent and stable estimates of the harmonic mean of the likelihood. The harmonic means were then compared using Bayes factors (BFs): BF ¼ 2(2LnL better fitting model 2 2LnL worse fitting model). BF ! 3 is considered significant. Finally, models of character-associated diversification were tested using BiSSE [38] , as implemented in MESQUITE using the maximum clade credibility tree, in order to test whether ancestral state reconstruction and model testing might be sensitive to differential rates of speciation or extinction in lineages depending on the inferred state of any of the characters assessed. figure 1 . Calibration of the relaxed molecular clock with two internal fossils (also indicated in figure 1 ) resulted in a stem age of Amaranthaceae s.l. of 87 -47 Myr ago (95% CIs for ages are reported unless otherwise indicated). The chronogram with clade support is presented in figure 1 and the electronic supplementary material, figure S1.
RESULTS (a) Phylogeny and ages
(b) Ancestral states Ancestral states were estimated for five binary coded characters: (i) C 3 /C 4 ; (ii) not salt-tolerant/salt-tolerant; (iii) inland/coastal; (iv) not succulent/succulent; (v) perennial/annual or biennial; using both FP and RJ-MCMC. The results of the two methods were consistent, but, as is to be expected, those under FP were more decisive. In the two characters with the highest overall rates of state changes inferred under RJ-MCMC (iii and v; see electronic supplementary material, table S1), ancestral state reconstructions were largely equivocal under RJ-MCMC, implying uncertainty associated with multiple changes along internal branches. In addition, BiSSE results indicated a state-dependent increased rate of extinction for character iii (see later). Because FP cannot model such phenomena, the FP reconstructions are disregarded for these characters; otherwise we report the most parsimonious solutions for deeper nodes where RJ-MCMC results are consistent, but subject to PP , 0.95 ( figure 1) . A more complex two-rate model was supported for character iii only: transitions from inland to coastal habitats occurred significantly less frequently than transitions from the coast inland (two-rate models sampled in greater than 95% of the RJ-MCMC). Both forward and reverse rates for all characters were greater than 0 (lower bounds of the 95% posterior distributions did not include zero).
For characters i, ii and iv, a summary of ancestral states recovered in greater than or equal to 95 per cent of trees under FP and/or with greater than or equal to 0.95 PP under RJ-MCMC is presented in figure 1a . Detailed results with PP values for reconstructions at selected nodes are presented in the electronic supplementary material, table S1. The central 95% range of numbers of transitions between C 3 and C 4 inferred under FP over the sample of BEAST trees is 5-12 gains and three to eight losses.
(c) Model testing
We tested for correlation between the evolution of C 4 and the four other binary characters. In all but one case (that of annual/biennial versus perennial life history), dependent models better fitted the data than independent models (see the electronic supplementary material, table S2). These corresponded to two-rate models in which the rate of gain of C 4 is higher in lineages (i) with salt tolerance; (ii) in coastal environments; and (iii) with succulence ( figure 2 ). Dependent models for C 4 and life-history strategy also scored slightly better than independent models, but the difference was subject to a BF of less than 3, thus not significant. The rate of reversals to C 3 was not dependent on any of these factors, neither were transitions between these character states dependent on the mode of photosynthesis. The non-reversible model ) and, similar to the RJ-MCMC model for this character, a higher transition rate from the coast inland than that from inland to the coast (0.124 versus 0.026).
DISCUSSION (a) Multiple gains and losses of C 4 in chenopods
Given the numbers of independent origins of C 4 in plants, it is intriguing that phylogenetic studies of clades showing both photosynthetic pathways have to date largely ruled out secondary loss of C 4 (but see differences in the interpretation of C 4 evolution in the grass genus Alloteropsis; [13, 15, 39] ). The lack of conclusive phylogenetic evidence for reversals is mirrored by an absence of genetic evidence for a former C 4 function in C 3 lineages closely related to C 4 lineages in grasses and sedges [40, 41] . To explain this phenomenon, Christin et al. [13] argued that reversal from C 4 to C 3 is not simply a matter of loss of function of genes and structures involved in the CO 2 -concentrating pump, but instead would involve a complex restoration of the C 3 condition, especially of those genes that were modified directly (without prior duplication) and lost their C 3 function [42] . The evolution of C 3 from a C 4 ancestor might therefore represent a process that is just as complex as the gain of C 4 in the first place. To further explain unresolved relationships of C 4 lineages and their closest C 3 relatives, Christin et al. [13] proposed that ancestral C 3 -C 4 intermediate lineages that realized initial anatomical and biochemical changes on the way to a full C 4 syndrome might have given rise to both C 4 and C 3 lineages by further genetic and biochemical modifications and loss of function, respectively.
Our analyses provide phylogenetic evidence for at least three reversals to C 3 from within 'full' C 4 lineages. Of the various candidate lineages (given uncertainty in both phylogenetic and ancestral state reconstruction) most can be placed within the Salsoloideae/Camphorosmoideae, which was reconstructed as ancestrally C 4 and represents the oldest C 4 clade within Chenopodiaceae ( figure 1 ). This result may buck the apparent trend (at least in grasses), but it is not entirely without precedent. Carolin et al. [43] indicated a possible loss of C 4 in the chenopod subfamily Salsoloideae on the basis of leaf anatomy, and previous phylogenetic analyses of Salsoloideae and Camphorosmoideae [5, 18, 44] did not rule out secondary loss. Interestingly, some species in Salsoloideae show the C 3 pathway in their cotyledons before switching to C 4 in their adult leaves [45] . If a fully functional C 3 pathway is present in the seedling stage, then there seems little reason why C 3 should not also be possible later in the life history. This dual photosynthetic strategy might have facilitated the reversal to a full C 3 physiology in adult leaves, especially in cool semi-desert areas of Central Asia at montane to subalpine elevation where C 3 appears to be competitive [46] . Further studies of cotyledon anatomy and their photosynthetic pathway as well as [47] ; and Chenopodipollis multiplex: 65 -56.5 Myr ago [48] ), although these lack the unequivocal synapomorphies that would justify their inclusion in the dating analyses. Our age estimate is distinctly older than that of Wikström et al. [49] (basal split in core Caryophyllales 47 -39 Myr ago), while falling within the bounds of more recent estimates for the crown of Caryophyllales (ca 94.5 Ma [50] ).
Christin et al. [4] showed that the long-standing view of C 4 eudicots having arisen later (mainly during the Pleistocene) than C 4 monocots [51] is not correct. Comparison of C 3 /C 4 transition models between eudicots and monocots suggested an increase of the probability of C 4 evolution around 28 Ma for both groups [4] . In our analyses, the earliest inferred gain of C 4 , at the crown of Salsoloideae/ Camphorosmoideae, is dated to between 47 and 26 Ma. Crown Salsoloideae, which is also inferred as C 4 and comprises a majority of C 4 species with similar anatomies, dates to 42-22 Myr ago (figure 1). These estimates are as old or older than that of the oldest C 4 grass lineage (25 + 4 Ma crown of core Chloridoideae; [52] ). Nevertheless, the more recent bounds of the age range for C 4 origins in Chenopodiaceae also include the pronounced drop of atmospheric CO 2 at the Eocene/Oligocene boundary [2] , and are therefore consistent with a scenario in which this drop in CO 2 was necessary for the origin of C 4 .
The timing of C 4 origins across angiosperms has been attributed to increased photorespiration at atmospheric CO 2 levels lower than 500 ppm ( [11] and references therein). However, the obvious success of C 3 under current conditions as well as the occurrence of reversals to C 3 suggests a more complex scenario in which further factors must be important in driving the evolution of C 4 [10] . For example, the pronounced drop of atmospheric CO 2 at the Eocene/Oligocene boundary [2] was accompanied by a distinct climate change dated to ca 35 -33 Myr ago from warm and moist (tropical) to slightly cooler and more seasonal conditions [53, 54] . Thus, in Chenopodiaceae, this first emergence of a more seasonal climate, in combination with the CO 2 decrease, might have favoured C 4 disproportionately in drought-prone and saline habitats.
(c) C 4 evolved more often in salt-tolerant and succulent lineages Saline soils decrease water availability to plants (physiological drought) and cause the accumulation of toxic concentrations of ions [55] . As a result, some plant species have evolved salt tolerance which involves multiple physiological adaptations [56] that are often also advantageous when the species is exposed to other environmental stresses such as drought and flooding [55, 57, 58] . C 4 photosynthesis represents one such adaptation, improving water use efficiency relative to C 3 and reducing ionic stress owing to reduced transpiration. Salinity stress may therefore promote the evolution of C 4 .
Many species of Chenopodiaceae are listed as highly salt-tolerant [56] or even salt requiring [59] , and many are also succulent with distinct water storage tissues in leaves and/or stems. Our analyses show that salt tolerance and succulence evolved earlier than C 4 and that C 4 evolved significantly more often in salt-tolerant and succulent (and hence generally drought tolerant) lineages. The common ancestor of Salicornioideae, Suaedoideae, Camphorosmoideae and Salsoloideae, which dates back to the Eocene (crown group 61 -35 Myr ago), was probably salt-tolerant (figure 1). All four subfamilies spread worldwide but originated in Eurasia [18, 20, 26] . At this time, the Eurasian climate was largely warm and moist [54] , and saline habitats existed only on or near to the coast. We infer a high rate of change between coastal and inland habitats that hampers the ancestral state reconstruction. However, the rate of colonization of inland habitats from the coast was higher than the other way around. Through time, the coastal habitat is likely to have been smaller in extent and more dynamic (with changing coastlines) than inland regions. The coast might therefore be characterized by both a lower carrying capacity for species and a higher rate of extinction (the latter also implied by our BiSSE results). In this context, our results suggest a scenario in which adaptation to arid conditions (succulence, salt tolerance and indeed C 4 photosynthesis) at the coast served as important pre-adaptations for species to enter dry environments such as steppes and deserts of the continental interior (the first origins of which also date back to the Eocene/Oligocene boundary). There they persisted longer than in the original coastal habitat.
We conclude that drought tolerance achieved by physiological adaptations such as salt tolerance and morphological/anatomical adaptations such as succulence are pre-adaptations that enhanced the evolution of C 4 photosynthesis in Chenopodiaceae. This evolutionary sequence of events is in stark contrast to that inferred for grasses, where gain of C 4 is seen as a pre-adaptation to enter drier habitats [22, 24] . The ecological factors that triggered the evolution of C 4 in grasses in the first place remain unclear in these studies. Our data suggest that C 4 chenopod lineages are derived from C 3 lineages that were already adapted in various ways (including different forms of succulence) to dry and/or saline habitats. These diverse origins led to a range of fundamentally different C 4 anatomies in different lineages and might also be responsible for the fact that, in contrast to C 4 grasses, C 4 chenopods can be found in extremely dry environments. Indeed, a model that describes C 4 evolution in chenopods might better explain C 4 origins in exclusively arid lineages such as Mollugo cerviana and Mollugo fragilis [60] , Chamaesyce [61] or Portulaca [62] than might one appropriate for grasses. In general, these results illustrate the critical importance of ancestral states and past environmental conditions in generating the high diversity of C 4 syndromes observed across monocots and dicots. The findings are consistent with the widely held assumption that high levels of photorespiration pose the strongest selective pressure for the evolution of C 4 photosynthesis [1, 7, 11, 58] . However, they suggest that the current evolutionary paradigm based C 4 evolution in Chenopodiaceae G. Kadereit et al. 3309 on grasses-including C 4 as (irreversible) pre-adaptation to drought-may be an inadequate proxy for C 4 evolution in general.
